The tumor microenvironment, including ischemia, has been increasingly recognized as a critical factor in the process of tumor development. Hypoxia and nutrient deficiency resulting from ischemia widely exist in solid tumors. Recent studies have shown that hypoxia and nutrient deficiency contribute to chemoresistance by inducing autophagy, but the underlying mechanism remains unknown. This study aimed to explore the role of autophagy induced by low glucose and hypoxia (LH) in the chemoresistance of hepatocellular carcinoma cells. Our results demonstrated that LH induced autophagy and downregulated Bad and Bim in hepatocellular carcinoma cells. The inhibition of autophagy reversed the reduction of these pro-apoptotic factors during the LH treatment. Furthermore, Bad and Bim were also significantly downregulated by autophagy during the process that LH promoted the chemoresistance of hepatocellular carcinoma cells. In addition, RNAi or the overexpression of Bad and Bim can significantly reduce or increase chemotherapy-induced cell death, respectively. Taken together, these data indicate that the downregulation of Bad and Bim plays a significant role in the autophagy-induced chemoresistance of hepatocellular carcinoma cells.
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H epatocellular carcinoma (HCC) is one of the most common malignancies and is a leading cause of cancerrelated mortality 1 . Surgery is the treatment that offers the greatest potential for a cure, but most patients have unresectable disease at presentation 2 . Other treatments such as chemotherapy are also widely used, especially for HCCs at an advanced stage. However, conventional systemic chemotherapy options have typically yielded poor outcomes for these patients. The tumor microenvironment, including ischemia, has been increasingly recognized as a critical factor in the process of tumor development 3 . Hypoxia and nutrient deficiency resulting from ischemia widely exist in solid tumors; however, cancer cells can survive in such an environment and continuously proliferate 4, 5 . Recent studies have shown that autophagy plays an important role in protecting cancer cells that are subjected to hypoxia and nutrient deficiency 6, 7 . Autophagy is a conserved pathway crucial for development, differentiation, survival, and homeostasis 8, 9 . The role of autophagy in cancer has been increasingly highlighted during the last decade. Autophagy is thought to be a predominant cell survival mechanism that is linked to a variety of physiological processes, such as aging, degenerative processes and nutrient starvation 10 . Increasing evidence shows that autophagy causes cell resistance to antineoplastic therapies. In these situations, the inhibition of autophagy may be a good therapeutic strategy 11 , and several inhibitors have been used, such as 3-methyladenine (3-MA) 12 , bafilomycin A1 13 and chloroquine(CQ), and CQ is currently being used in a clinical trial 14 . 3-MA is an inhibitor of PI3K and inhibits autophagosome formation; CQ can inactivate lysosomal hydrolases by inhibiting lysosomal acidification, thereby restraining autophagy flux 15, 16 . Recent studies have showen that autophagy decreases the sensitivity of cancer cells to chemotherapeutic agents by affecting their apoptotic potential [17] [18] [19] . In this study, we detected autophagy under conditions of low glucose and hypoxia (LH) and investigated the effects of LH on autophagy in HCC cells exposed to chemotherapeutic agents. In addition, we examined whether the inhibition of autophagy enhanced the chemotherapy-induced apoptosis of HCC cells.
Results
Low glucose and hypoxia induce autophagy in HCC cells. The tumor microenvironment plays an important role in the chemoresistance of tumor cell. Hypoxia and nutrient deficiency are important characteristics of the tumor microenvironment. Increasing evidence shows that autophagy contributes to the chemoresistance in cancer cells. Therefore, we first determined whether LH can activate autophagy in HCC cells. We examined autophagy under conditions of LH with an expression vector encoding GFP-LC3, which is concentrated in autophagic vacuoles and results in punctate fluorescence within the cells. SMMC-7721 and HepG2 cells were transiently transfected with GFP-LC3 plasmids. Twenty-four hours after transfection, the cells were treated with autophagy inhibitors and incubated under normal or LH conditions. After 8 hours of treatment, the cells were observed under a fluorescence microscope, and the cells with GFP-LC3 puncta were counted. As shown in Figure 1 , a higher percentage of cells with punctate LC3 fluorescence staining was observed in the cells under conditions of LH than in those under normoxic conditions. The data also showed that CQ or 3-MA effectively and dramatically inhibited the autophagy response induced by LH ( Figure 1A and 1B). To confirm the level of autophagy with additional independent assays, we analyzed the protein expression levels of LC3 and SQSTM1/p62 with a western blot assay. LH resulted in a remarkable increase in the level of LC3-II and a decrease in SQSTM1/p62 levels in SMMC-7721 and HepG2 cells compared with cells grown under normal conditions ( Figure 1C ). In addition, we separately compared a low-glucose treatment and a hypoxia treatment with the LH treatment, and the results indicated that the induction of autophagy is primarily caused by the combination treatment (LH) (Supplementary Figure 1) . The above results showed that autophagy was significantly activated in response to LH.
Autophagy leads to the downregulation of Bad and Bim in HCC cells. Autophagy has been shown to inhibit apoptosis in cancer cells. To further study how autophagy regulates cell survival, we decided to examine whether autophagy is involved in regulating pro-apoptotic factors in HCC cells. First we incubated SMMC-7721 cells under conditions of LH for 8 h and examined the levels of pro-apoptotic genes with a q-PCR method. We found a drastic decrease in the mRNA levels of some pro-apoptotic genes, including Bad and Bim, in the SMMC-7721 cells under LH conditions compared with the levels under normal conditions, while CQ or 3-MA, to some extent, attenuated the downregulation of these genes ( Figure 2A ). We then determined the expression levels of these pro-apoptotic proteins with western blot analysis, and the results were consistent with the q-PCR data ( Figure 2B ). These data suggest that LH-induced autophagy downregulates the expression levels of these pro-apoptotic proteins in SMMC-7721 cells but does not affect the phenotype of the apoptotic cells. The expression levels of Bad and Bim regulated by autophagy are independent of the apoptotic cell phenotype.
Autophagy inhibits the chemotherapy-induced apoptosis of HCC cells. Next, we determined whether LH-induced autophagy under the LH condition were apoptotic ( Figure 3D and 3E) . In contrast, CQ or 3-MA was found to distinctly inhibit the protective effect of autophagy ( Figure 3B-3E) . These results demonstrated that SMMC-7721 and HepG2 cells exposed to LH had enhanced resistance to chemotherapeutic agents due to the activation of autophagy.
Inhibition of autophagy increases chemotherapy-induced cell death. To further confirm that the inhibition of autophagy can significantly increase chemotherapy-induced cell death, we treated SMMC7721 and HepG2 cells with the autophagy inhibitors CQ or 3-MA and knocked down the essential autophagy genes Atg5 or Atg7. Atg5 and Atg7 were effectively knocked down with shRNA lentiviruses ( Figure 4A ). We then determined the cell viability with a CCK8 colorimetric assay after treatment with the chemotherapeutic agents, including mitomycin, epirubicin and cisplatin; the results were consistent with those from the cell apoptosis assay ( Figure 4B ). These data demonstrate that the inhibition of autophagy can clearly enhance the chemosensitivity of HCC cells.
Autophagy contributes to the chemoresistance of HCC cells by downregulating Bad and Bim. To determine whether autophagy inhibits chemotherapy-induced apoptosis by downregulating proapoptotic proteins, we compared the expression levels of Bad and Bim between normal and LH culture conditions in the presence of mitomycin. The results revealed that, after mitomycin treatment, the mRNA levels of Bad and Bim were downregulated when autophagy was induced compared with those observed when autophagy was not induced, and the autophagy inhibitors CQ or 3-MA or the knockdown of Atg5 or Atg7 can distinctly reverse this trend ( Figure 5A ). We also tested the protein levels of Bad and Bim with western blot analysis, and the results were consistent with the q-PCR data ( Figure 5B ). These results suggest that autophagy can enhance the chemoresistance of HCC cells through downregulating Bad and Bim and that autophagy inhibition can reverse the inhibitory effect of autophagy on the expression of these proteins, thereby restoring the chemosensitivity.
RNAi or Overexpression of Bad and Bim increases or reduces chemotherapy-induced cell death, respectively. To provide insight to the contributions of Bad and Bim to autophagy-mediated chemoresistance, we knocked down Bad and Bim with shRNA lentiviruses ( Figure 6A ). We then determined the cell viability with a CCK8 colorimetric assay, and the data showed that the RNAi of Bad and Bim clearly reduced chemotherapy-induced cell death ( Figure 6B ). To further determine the function of Bad and Bim in autophagy-induced chemoresistance, we utilized the overexpression of exogenous Bad and Bim in HCC cells to examine whether this overexpression can rescue autophagy-induced chemoresistance. First, Bad and Bim were successfully overexpressed via lentivirus infection ( Figure 6C ). We then assayed the cell viability, and the results showed that the overexpression of Bad and Bim increased mitomycin-induced cell death despite of the protective effect of LH-induced autophagy ( Figure 6D ). These results indicated that LH-induced autophagy enhanced cell survival via the downregulation of Bad and Bim.
Discussion HCC is one of the most common cancers worldwide. The failure of chemotherapy is often due to drug resistance. Improving chemosensitivity is necessary for tumor therapy in the clinic. Numerous studies have shown that autophagy may be activated under stress in various cancer cells and may play an important role in the processes of tumorigenesis and tumor development 20 . However, the underlying mechanism still requires clarification.
Some studies have reported that hypoxia and nutrient deficiency can activate autophagy 21, 22 . In our study, the percentage of cells with punctate staining of GFP-LC3 significantly increased in response to LH. We therefore examined the effects of the autophagic inhibitors CQ and 3-MA on the occurrence of autophagy and found that either of these two inhibitors could effectively inhibit autophagy induced by LH in SMMC-7721 and HepG2 cells (Figure 1) .
Several aspects of the biological role of autophagy are still unclear, and the relationship between apoptosis and autophagy, particularly in the liver, has yet to be thoroughly explored. With the confirmation of autophagy in SMMC-7721 and HepG2 cells under LH conditions, the relationship of autophagy to cell apoptosis deserves our attention. We found that the expression levels of the pro-apoptotic proteins Bad and Bim were downregulated in HCC cells under LH conditions compared with those in cells under normal conditions, while CQ or 3-MA, to some extent, could counteract this trend ( Figure 2B ). This result suggests that autophagy downregulates the expression of proapoptotic proteins. It is well known that autophagy is a proteolytic pathway, so how can this process downregulate the mRNA expression levels of Bad and Bim (Figure 2A) ? Previous studies have shown that the transcriptional expression levels of Bad and Bim can be regulated by certain signaling pathways, such as those for JNK 23 and TGF-b 24 . In addition, the relationship between JNK, TGF-b and autophagy has been widely reported 25, 26 ; therefore, some regulatory factors in the JNK or TGF-b pathways may be degraded by autophagy, which would cause the transcriptional downregulation of Bad and Bim.
Autophagy induced by hypoxia and nutrient deficiency is often correlated with a poor prognosis and high patient mortality rate, which is partly due to the resistance to chemotherapy [27] [28] [29] . Consistent with this concept, the results from the caspase3 staining and the flow cytometry and CCK-8 assays in this study showed that the autophagy induced by LH protected the HCC cells from mitomycin-, epirubicin-or cisplatin-induced apoptosis (Figure 3 and 4) . These results indicate that autophagy may play a protective role in the process of chemotherapy-induced apoptosis, leading to the chemoresistance of the HCC cells. During the course of treatment with the chemotherapeutic agents, the inhibition of autophagy by CQ or 3-MA or the knockdown of Atg5 or Atg7 significantly enhanced the cytotoxic effects of the chemotherapeutic agents and increased the rate of apoptosis in SMMC-7721 cells. These results suggest that autophagy inhibitors may be used as novel sensitizers to improve the effects of chemotherapy drugs.
Many previous studies have reported that autophagy inhibits the apoptosis induced by chemotherapy drugs in cancer cells, but the underlying mechanisms have not been clearly elucidated. In our study, we demonstrated that LH-induced autophagy downregulated the expression of the pro-apoptotic proteins Bad and Bim in the presence of chemotherapeutic agents in the HCC cells, while CQ or 3-MA or the RNAi of Atg5 or Atg7 can counteract this trend ( Figure 5 ). Bad and Bim are key proteins in the apoptotic pathway, and the downregulation of these factors plays an important role in autophagy-induced chemoresistance. The RNAi of Bad and Bim or overexpression of Bad and Bim can directly enhance or overcome autophagy-induced chemoresistance ( Figure 6 ). These data reveal a novel mechanism for the downregulation of apoptosis-related signaling via autophagy.
In conclusion, our results demonstrate that the autophagy induced by LH inhibits chemotherapy-induced apoptosis by downregulating Bad and Bim in hepatocellular carcinoma cells. This finding not only deepens our understanding of the mechanisms involved in and the relationship between autophagy and apoptosis, but also aids the further study of the function of autophagy in cancer cells especially in HCC cells. We predict that targeting the autophagy and apoptosis pathways is a promising therapeutic strategy to enhance the effects of chemotherapy and improve the clinical outcomes in HCC patients.
Methods
Cell culture and reagents. The human HCC cell line SMMC-7721 and HepG2 were maintained in Dulbecco's modified Eagle's medium (high glucose or low glucose) (GIBCO, Life Technologies, Cat.11995-065/Cat.11885-084) supplemented with 10% fetal bovine serum (GIBCO, Life Technologies, Cat.10099-141), 100 units/ml penicillin, and 100 mg/ml streptomycin (GIBCO, Life Technologies, Cat.15140-122) in a humidified incubator with 95% air and 5% CO 2 at 37uC. For the low glucose and hypoxia condition, the cells were cultured in Dulbecco's modified Eagle's medium (low glucose) (GIBCO, Life Technologies, Cat.11885-084) in a CO 2 incubator (Thermo Scientific) maintained at 94% N 2 , 5% CO 2 and 1% O 2 . CQ (Sigma-Aldrich, Cat. C26628) and 3-MA (Sigma-Aldrich, Cat. M9281) were used at 10 mM and 5 mM respectively.
Transient transfection and identification of autophagy. A GFP-tagged LC3 expression vector has recently been utilized to detect autophagy. SMMC-7721 and HepG2 cells were seeded (2 3 10 5 cells/well) into 12-well plates overnight. GFP-LC3-expressing plasmids were then transiently transfected into the cells with Lipofectamine TM 2000 (Invitrogen, Life Technologies, Cat.11668-019) according to the manufacturer's instructions. Twenty-four hours after the transfection, the cells were subjected to LH conditions for 8 h, and in some experiments, CQ and 3-MA were also added. At the end of the treatment, autophagy was detected by counting the percentage of cells with GFP-LC3 puncta with confocal microscopy (Leica SP5). A minimum of 200 cells per sample were counted, and each experiment was performed in triplicate.
Western blot analysis. After the treatments, the SMMC-7721 and HepG2 cells were collected and lysed in protein extraction reagent (Thermo Scientific, Cat.78501) with 1003 cocktail (Roche). Equal amounts of protein were separated by SDS-PAGE and transferred on to a nitrocellulose membrane (Whatman, Cat.10401396). After blocking (LI-COR, Inc., Cat.927-40000), the membrane was incubated with the primary rabbit monoclonal antibodies against Bad (Cell Signaling Technology, CST, Cat.9239), Bim (CST, Cat.2933), SQSTM1/p62 (CST, Cat.5114), Atg5 (CST, 8540), Atg7 (CST, 8558), and b-actin (HangZhou HuaAn Biotechnology Co., Ltd., China, R1207-1) and the primary rabbit polyclonal antibody against LC3B (Novus Biologicals, Inc., Cat.NB600-1384). After incubation with the secondary antibodies labled with fluorescence (LI-COR, Cat.926-32211), the proteins were visualized by fluorescence with an Infrared Imaging System (ODYSSEY). The LC3B, SQSTM1/ p62, Bad, Bim, Atg5 and Atg7 protein expression levels were normalized with b-actin.
RNA isolation, reverse transcription, and quantitative real-time PCR (q-PCR).
The total RNA isolation, cDNA synthesis and q-PCR were previously described 30 . Total RNA was extracted from the SMMC-7721 and HepG2 cells with TRIzol according to the manufacturer's instructions (Ambion, Life Technologies, Cat. 15596018). The RNA concentrations were determined with spectrophotometrically.
For the cDNA synthesis, 1 mg of RNA was reverse transcribed with the RT Reagent Kit with gDNA Eraser (TaKaRa, Cat.DRR047S). The reverse transcription reaction was completed at 37uC for 15 min and 85uC for 5 s. The cDNA was stored at 220uC.
The mRNA expression of the genes was analyzed with specific primers as follows: 59-GAAGGTGAAGGTCGGAGTC-39, 59-GAAGATGGTGATGGGATTTC-39 for GAPDH, and the length of this amplicon was 225 bp; 59-CGGAGGATGAGTGACGAGTT-39, 59-GATGTGGAGCGAAGGTCACT-39 for Bad, and the length of this amplicon was 180 bp; 59-TAAGTTCTGAGTGTGACCGAGA-39, 59-GCTCTGTCTGTAGGGAGGT-AGG-39 for Bim, and the length of this amplicon was 96 bp.
The q-PCR was conducted in a Roche LightCycler480 using the SYBR Premix Ex Taq (TaKaRa, Cat. DRR420A). The 2-step q-PCR was as follows: denaturation at 95uC for 30 seconds, followed by 45 cycles of 95uC for 5 seconds and 60uC for 20 seconds. All of the tests were performed in triplicate. A no template control was used as the negative control for each run. The relative gene expression was calculated with using the DDCt method, and GAPDH was used as the internal control.
Cell apoptosis assays via caspase3 staining and flow cytometry. Cells (2 3 10 5 cells/ well) were seeded into 6-well plates overnight and then exposed to LH for 8 h. Then, we added mitomycin to the medium and continued to culture these cells for 16 h under LH conditions, and in some experiments, CQ (10 mM) and 3-MA (5 mM) were used to block autophagy. After these incubations, we replaced the medium with fresh medium or PBS containing 5 mM caspase3 substrate stock solution (NucView, Cat.30029) and incubated the cells at room temperature for 30 minutes. The cells were washed and then observed with fluorescence microscopy in PBS using filter sets for green fluorescence (excitation/emission: 485/515 nm). In addition, an annexin V-FITC assay was used to measure the apoptotic cells via flow cytometry according to the manufacturer's instructions (Nanjing Keygen Biotech, China, Cat.KGA108). Briefly, the cells were collected by trypsinization (without EDTA), washed twice with phosphate-buffered saline (PBS) and resuspended in 500 ml of 13 binding buffer containing 5 ml annexin V and 5 ml PI for 15 minutes at room temperature in the dark. After the incubation, at least 10 5 cells were measured with a BD FACSCalibur flow cytometry (BD Biosciences). The results were presented as the percentage of apoptotic cells (annexin V positive).
Lentivirus Infection. To generate plasmids for stable RNAi, oligonucleotides encoding shRNAs specific for Bad and Bim and a related scrambled sequence were cloned into the EcoRI and BamHI sites of the lentiviral vector pLSLG under the control of a constitutive U6 promoter, and this shRNA vector also encoded an EGFP protein. shRNA lentiviruses specific for Atg5 and Atg7 were purchased from Shanghai GeneChem. The following oligonucleotides were used for the shRNA experiments: Atg5: 59-CCTTTCATTCAGAAGCTGTTT-39; Atg7: 59-CCAAG-GTCAAAGGACGA AGAT-39; Bad: 59-AGAGGATCCGTGCTGTCTC-39; Bim: 59-CACCCACGAATGG TTATCTTA-39; scrambled sequence: 59-GACCGGATAG-TAACCTTCA-39.
To generate plasmids for stable overexpression, the Bad and Bim cDNAs were cloned into the lentiviral vector MigRI.
For lentiviral production, either the shRNA plasmids and the package plasmids (PMD2 and PSPAX) or the overexpression plasmids and the package plasmids (VSVG and gag-pol) were cotransfected into 293T cells using the calcium phosphate method. The supernatants were collected 48 h after the transfection, filtered through a 0.45-mm membrane and concentrated by ultracentrifugation. The SMMC7721 and HepG2 cells were then infected with lentiviral vecors for 4 hours, and after serial passaging, the GFP-positive cells were sorted for subsequent experiments. Cell Counting Kit-8. The cell viability assays were performed with the Cell Counting Kit-8 (DOJINDO, Japan). Cells (7 3 10 3 cells/well) were first seeded into 96-well plates, incubated overnight and then exposed to LH for 8 h. After that, we added the indicated chemotherapeutic agents to the medium and continued to culture the cells for 16 h under LH conditions. In some experiments, CQ (10 mM) and 3-MA (5 mM) were used to block autophagy. As soon as the treatment was completed, 10 ml of the Cell Counting Kit-8 reagent was added to each well, and the cells were incubated for 2 h at 37uC. Finally, the spectrophotometric absorbance of each sample was measured with a microplate reader (Synergy HT, Bio-Tek) at 450 nm; based these readings, the percentage of surviving cells in each treated group was plotted. All of the experiments were carried out with six replicates.
Statistical analysis. All of the experiments were repeated at least three times. The data were presented as the mean 6 SD (standard deviation). Student's t test was used to compare the means. The two-tailed p-value for statistical significance was defined as p, 0.01. The statistical analyses were performed using the GraphPad Prism 5.0 software (Graphpad Software, San Diego, CA).
